Abstract: Carbon monoxide releasing molecules (CORMs) are an emerging class of pharmaceutical compounds currently evaluated in several preclinical disease models. There is general consensus that the therapeutic effects elicited by the molecules may be directly ascribed to the biological function of the released CO. It remains unclear, however, if cellular internalization of CORMs is a critical event in their therapeutic action. To address the problem of cellular delivery, we have devised a general strategy which entails conjugation of a CO-releasing molecule (here a photoactivated CORM) to the 5'-OH ribose group of vitamin B12. Cyanocobalamin (B12) functions as the biocompatible water-soluble scaffold which actively transports the CORM against a concentration gradient into the cells. The uptake and cellular distribution of this B12-photoCORM conjugate is demonstrated via synchrotron FTIR spectromicroscopy measurements on living cells. Intracellular photoinduced CO release prevents fibroblasts from dying under conditions of hypoxia and metabolic depletion, conditions that may occur in vivo during insufficient blood supply to oxygen-sensitive tissues such as the heart or brain. 
conditions that may occur in vivo during insufficient blood supply to oxygen-sensitive tissues like heart or brain.
Introduction
Despite its reputation as a noxious gas, carbon monoxide (CO) has been recognized in recent years as playing a crucial role as a gasotransmitter. 1 Endogenously, following heme degradation by inducible heme oxygenase-1 and constitutive heme oxygenase-2, CO exerts vasodilatory, antinflammatory and anti-apoptotic effects 2 When exogenously applied, the diatomic molecule mediates therapeutic results in different pathologies including cancer, neurodegeneration, hypertension, heart diseases, liver dysfunction, inflammation and infections. 3 The impact of CO in physiology and medicine has prompted several researchers to develop carbon monoxide releasing molecules (CORMs) as an alternative to the administration of the gas. To date the majority of CORMs are transition metal (TM) carbonyl complexes which under different stimuli are able to deliver CO to diseased or inflamed tissues in order to initiate and promote therapeutic effects at the site of disease. CO release in these molecules may be triggered by different strategies which include simple CO dissociation [4] [5] [6] , redox or ligand exchange mediated processes [7] [8] [9] [10] [11] [12] , enzymatic triggering 13, 14 or the use of electromagnetic radiation. [15] [16] [17] In general, at present, CORMs are not designed to target a specific receptor or intracellular target and their potential utility is credited to their fundamental ability to liberate CO. In some instance, however, cellular internalization might be fundamental for CORM activity. Robert
Poole and his team have shown, e.g., that the bactericidal effects of CORM-3 result from its cellular uptake. [18] [19] [20] [21] While solutions of CO gas also impair bacterial growth, they do not match the effectiveness of the CO releasing molecule. In this case the pronounced bactericidal effects of CORM-3 are ascribed to the ability of the molecule to specifically deliver intracellular CO to heme-containing oxidase(s) and to facilitate the electrogenic transmembrane movement of K+ (or Na+) ions. 22 Within the CORM field we started to develop CO releasing molecules conjugated to biocompatible scaffolds, [23] [24] [25] with a focus on vitamin B 12 , and we have recently introduced a cyanocobalamin (B 12 ) Re-based CORM coordinated to the axial cyano group of the vitamin (B 12 -ReCORM-2 in chart 1). 7 The molecule shows cytoprotective effects on an ischemiareperfusion injury model of neonatal rat cardiomyocytes (NRCs) but atomic absorption spectroscopy (AAS) measurements indicated no cellular uptake of the molecule. 7, 26 We believe there are two possible explanations for this observation. On one hand it is possible that the CO-releasing profile of B 12 -ReCORM-2 (t ½ of CO release = 20-30 min depending on conditions) does not allow sufficient time for the intracellular accumulation of the molecule.
On the other hand, if cellular uptake of the cyanocobalamin CORM conjugate is a B 12 -mediated process, it is possible that the vitamin is internalized following dissociation of the inorganic CORM unit. We are not aware of any studies dealing with the mechanism of vitamin B 12 uptake in NRCs. However, in mice, cellular B 12 uptake is mediated by transcobalamin (TC) transporters with features resembling the human homologues. 27 Analysis of the structure of human transcobalamin II (TCII) in complex with B 12 indicates that vitamin docking follows replacement of the cyanide ligand on the cobalt centre with the aromatic imidazole group of a histidine located within the transporter binding pocket. 28 
CO Releasing Properties of B 12
The photo-induced carbon monoxide releasing properties of B -MnCORM-1.
12 -MnCORM-1 were evaluated by liquid IR spectroscopy and the myoglobin assay (figure 2). 21, 25 
Fibroblast Uptake and Localization of B 12 -MnCORM-1 and B 12
We studied the interaction of B -ReCORM-2.
12 -MnCORM-1 and B 12 -ReCORM-2 with the 3T3 NIH line as a cellular model system and used Synchrotron IR Spectromicroscopy to follow its real time uptake and subcellular localization. IR spectroscopy is capable of detecting molecular chromophores, without any need of exogenous labelling, and to provide structural information about the same. 34 When implemented as a spectromicroscopy technique, it allows us to monitor molecular distribution and structure in microscopic samples. 35, 36 The use of a synchrotron light source further enhances the performance of the technique by improving the signal-to-noise ratio (SNR) when measuring at diffraction limited spatial resolution. 37 In measuring cellular spectra, IR spectromicroscopy records spectral contributions from all molecules in the sample. The complexity of cellular composition is reflected in the complexity of the resulting IR spectra. 38, 39 However, the carbonyl stretching vibrations appear in a spectral region, between 1800 cm -1 and 2100 cm -1 , which is clear of other absorptions from the most abundant cellular components. We used a two-dimensional correlation spectroscopic (2D-COS) analysis to simplify the picture by identifying sets of bands attributable to specific chromophores. This approach has been described in detail elsewhere. 40 
2D-COS was introduced by Noda as a tool to
analyze complex spectral patterns that evolve as a function of a parameter. 41 The analysis provides a quantitative assessment of the phase relationship existing between the evolving bands of chromophores and allows its parameterization. In applications to complex biological systems it has been shown that the analysis allows the identification of bands arising from the same molecular chromophore. 40, 42 Additional features that make 2D-COS useful for the analysis of cellular spectral patterns are the improved spectral resolution and the possibility to extract weak bands evolving on a noisy background. 40, 43 The results of a 2D-COS analysis of the spectral changes from figure 3 are shown in From uptake measurements, it is assumed that the observed concentration increase is localized within the cell or at its surface. Detailed mapping of the chromophore, as described later, is necessary to clarify the cellular distribution of the compound. By using Lambert Beer's Law with absorption coefficients (ε) of 150 mM -1 μm -1 (A 1 ) and 170 mM In addition, the maps are consistent with the possibility that a larger amount of carbonyl complex might have accumulated in the nucleus. A nuclear or perinuclear accumulation of metal carbonyl complexes has already been proposed by other authors using a variety of vibrational imaging techniques. [46] [47] [48] However, this cannot be confirmed quantitatively without having an exact model of cellular topography to correct for cell thickness effects.
It is notable that the carbonyl bands mapped in figure 5 have different positions than the ones observed during uptake, the former being at 1900 cm -1 and 2018 cm -1 and the latter being at 1931 cm -1 and 2027 cm -1 . The difference may be attributed to a variation in the secondary coordination sphere of the metal carbonyl complex reflecting perhaps the transition from lipophilic surroundings (e.g. cellular membrane) to a more hydrophilic environment.
Cytoprotective effects of B 12
In contrast to B The fibroblasts in culture that settled to the bottom of the dish, developed a dense actin stress -MnCORM-1 protected fibroblasts in culture from dying when the cells were under severe stress induced by hypoxia and metabolic depletion.
fiber network, which supposedly attaches to the substratum via focal adhesion plaques involving complexes with over half a dozen proteins, including integrin, talin, paxilin, vinculin, alpha-actinin, fokal adhesion kinase and others. 50, 51 Phalloidin binds to filamentous F-actin and prevents its depolymerisation. Phalloidin 
Experimental Section
Chemicals and solvents for synthesis were purchased from standard sources. All synthesis Cells were grown for 16 to 24 hours, until the desired degree of coverage was obtained (about 20% -30%). The cell-coated window was transferred to a custom-built solution sample holder for FTIR microscopy, as previously described. 38 All cell culture materials were purchased from Invitrogen (Invitrogen, Life Technologies, Paisley, UK).
Fibroblast Cell Treatment.
Cell treatment with the CORM was performed under dim light. Additon of B 12 -MnCORM-1 was performed by first removing bulk DMEM medium and covering the window with a DMEM solution of B 12 -MnCORM-1 of 0.1-1 mM. The sample holder was then enclosed, kept at 37°C and used for FTIR spectromicroscopy measurements.
FTIR Spectromicroscopy Measurements.
FTIR Spectromicroscopy experiments were performed at beamline X01DC of the Swiss Light Source, comprising a Bruker Vertex 70v interferometer (Bruker Optics) and a
Bruker Hyperion 3000 microscope. For these measurements, a KBr-supported Gemultilayer beamsplitter was used together with a liquid nitrogen-cooled MCT detector.
The interferometer was scanned with an acquisition rate of 40 kHz to 4 cm-1 resolution.
Measurements were performed in transmission. 250 scans were collected for each measurements, with a 60 s interval between measurements. Single channel spectra were obtained by performing a Fourier Transform of the interferogram after apodization with a Blackman-Harris 3-Term function, using a zero-filling factor of 2 and a Mertz phase correction.
In a single cell photolysis experiment, an isolated cell was selected under the IR microscope using weak illumination. The confocal apertures where closed to limit the field probed by the IR light to a rectangle corresponding to the body of the cell. In the case of measurements on 3T3 fibroblasts, this selection excludes the filipodia. The cell was monitored for a few minutes by measuring sequential FTIR spectra in dim light.
During this period, uptake of B 12 -MnCORM-1 was followed by observing the increase of absorption bands due to the CO ligands of B 12 -MnCORM-1 at 2027 cm -1 and 1931 cm -1 .
After 60 min the cell was irradiated with the full spectrum from the 100W halogen lamp of the microscope illuminator and photolysis of the CORM was followed by the decrease of the same bands.
FTIR Mapping Measurements.
The distribution of IR absorption bands was recorded by mapping the sample over a rectangular grid pattern. For the higest resolution maps, confocal blades were set to a square aperture of 5x5 µm 2 and point spacing was set at 2.5 µm. Using a 36x objective with 0.5 NA, these conditions give a theroetical spatial resolution close to the diffraction limit at the walength of absorption of CO ligands. For low resolution maps, confocal blades were set to an aperture of 10x10 µm 2 and point spacing was set at 5 or10 µm.
Data Analysis.
FTIR data analysis and assembly of IR maps was performed using the software package OPUS 6.5 (Bruker Optics). Spectral plots were constructed using Origin 8.0 (Originlab, Northampton, MA,USA).
Fibroblast Cell Culture for Biological Tests.
After 5-8 passages 3T3 cells were cultured in DMEM supplemented with 5 mM glucose and 10% FBS plus penicillin-streptomycin at pH 7.4. About one million cells were plated per Petri dish of 4.5 cm 2 area and kept proliferating to near confluence at 37 ºC in the presence of 95% air and 5% CO2 as described earlier. 7 Thereafter, the medium was exchanged in order to establish the following experimental conditions. and considered significant when two-tailed p < 0.05.
